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The evolutionary conservation f the homeodomains suggests that their in vivo DNA binding sites may also be conserved 
between vertebrates and invertebrates. The regulatory function of the mouse Itoxa-4 and Hoxb-4 introns were analyzed 
in Drosophila since they both contain a cluster of three homeodomain binding sites, the HB1 element, which was also 
found in the introns of other Hox genes ranging from fish to humans as well as in the Ultrabithorax (Ubx) and decapen. 
taplegic (dpp) genes of Drosophila. The enhancer of the Hoxa-4 intron was found to respond to several homeobox genes 
activating a lacZ reporter gene in particular cells of the epidermis n Drosophila embryos. The enhancer activity was found 
to be similar to previously described autoregulatory elements of Deformed (Dfd~, the Drosophila homolog of Hoxa-4, but 
additional expression was observed in more posterior segments activated by Ubx and repressed by abdominal.A (abd.A). 
Point mutations in the homeodomain binding sites in HB1 abolished the enhancer activity. A second site suppression 
experiment showed that UBX interacts directly with the HB1 element. When the HB1 element in the Hoxa.4 intron was 
replaced by that of the mesodermal enhancer of dpp, which was previously shown to be directly controlled by Ubx, Ubx- 
dependent activation was retained, but repression by abd-A was lost. The same result was obtained when the third binding 
site of HB1 was altered, suggesting that this site is responsible for abd-A-dependent repression. Finally, deletion of potential 
cofactor binding sites flanking the HB1 element that are also conserved in the medakar chicken, and mouse genes revealed 
that they are important for enhancer function in Drosophila and that the Dfd-dependent and the Ubx-dependent expression 
requires different sites. The evolutionary and functional conservation of the HB1 elements indicates that not only the 
homeodomains but also some of their in vivo binding sites are conserved between vertebrates and invertebrates. © 1997 
Academic Press 
INTRODUCTION 
Transcription factors encoded by the homeotic selector 
genes determine cell fates and the organization ofstructures 
along the anterior-posterior b dy axis (reviewed by Krum- 
lauf, 1992). Many of the homeotic genes of vertebrates and 
invertebrates were isolated based on the presence of the 
homeobox, a conserved sequence originally found in several 
Drosophila genes (McGinnis et al., 1984a, b; Scott and 
Weiner, 1984). In Drosophila there are eight homeotic genes 
located in two clusters, the Antennapedia and the Bithorax 
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complexes (Lewis, 1978; Kaufman et al., 1990) which are 
thought to have originated from a single primordial cluster 
as found in the beetle Tribolium (Graham et al., 1989; Bee- 
man et al., 1993). In mammals, a single cluster has been 
duplicated twice, leading to 39 genes located in four Hox 
clusters in which some genes have been lost or were dupli- 
cated further. 
The homeodomain, the protein region encoded by the 
homeobox, is required for the function of the homeotic pro- 
teins in vivo (Schneuwly et al., 1987; Gibson and Gehring, 
1988~ Kuziora and McGinnis, 1989, 1991; Mann and Hog- 
hess, 1990; Gibson et al., 1990; Schier and Gehring, 1992; 
Lin and McGinnis, 1992; Furukubo-Tokunaga et aI., 1993; 
Jones and McGinnis, 1993; Chan and Mann, 1993; Capovilla 
et al., 1994~ Sun et al., 1995). Several homeodomain a d 
homeodomain-DNA complexes have been resolved by 
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NMR in solution (Qian et al., 1989, 1993; Otting et al., 
1990; Billeter et al., 1993) and by X-ray crystallography (Kis- 
singer et al., 1990; Wolberger et al., 1991; Klemm et al., 
1994) showing that the structure of the homeodomain s 
conserved and similar to prokaryotic repressors as well as 
to the Hin recombinase (81uka et al., 1987; Affolter et al., 
1991). 
The various homeodomains which have been analyzed in 
vitro bind as monomers to short DNA sequences in which 
only about six base pairs are conserved (Mtiller et al., 1988~ 
Beachy et al., 1988; Desplan et aI., 1988; Hoey and Levine, 
1988; Dearolf et al., 1989; Affolter et al., 1990; Ekker et al., 
1991, 1992, 1994; Regulski et al., 1991; Dessain et al., 1992). 
However, single in vitro binding sites are present every hun- 
dred base pairs in the genome and it is unlikely that they 
all are targets for the homeotic selector genes in vivo. There- 
fore, more conservation as multiple binding sites and/or 
cofactor binding sites can be expected to be present in the 
control regions of their target genes. 
The high degree of evolutionary conservation of the ho- 
meodomain suggests that the DNA binding sites recognized 
by the homeodomains might also be conserved and that 
some of the regulatory circuits may be the same in both 
mammals and insects. We were interested in determining 
whether cis-acting elements of vertebrate genes can be rec- 
ognized by homeotic proteins and act as enhancers in Dro- 
sophila. Experiments where homeodomain proteins from 
mice were expressed in Drosophila under the control of a 
heat shock promoter showed that they produce the same 
phenotypes as their Drosophila homologs do, indicating 
that the mammalian proteins can at least partially substi- 
tute for their Drosophila counterparts (Malicki et ai., 1990; 
McGinnis et aI., 1990; Zhao et aI., 1993; Bachiller et aI., 
1994; Halder et al., 1995). The study of vertebrate enhancer 
elements controlled by the Hox genes is problematic since 
they have not been characterized in detail so far. Regulatory 
regions of the murine Hoxb-1 and Hoxa-2 genes have re- 
cently been shown to function as enhancer elements in 
Drosophila (POpperl et al., 1995; Frasch et al., 1995). Al- 
though in vitro interaction of the Hoxb-1 homeodomain 
with conserved sequence motifs has been reported, further 
investigation is required to show whether this interaction 
is meaningful in vivo. The only homeotic gene targets de- 
fined at the level of direct protein-DNA interaction are the 
fushi-tarazu (ftz) autoregulatory element (Schier and Gehr- 
ing, 1992) and the mesodermal enhancer of decapentaplegic 
(dpp) which is regulated by Ultrabithorax (Ubx; Capovilla 
et al., 1994; Sun et al., 1995). 
Since some of the homeobox genes are autoregulated 
I UbK. Dfd, ftz; Mtiller et al.. 1989; Bergson and McGinnis, 
1990; Schier and Gehring, 1992) and crossregulated (Antp 
by Ubx, Hafen et al., 1984; Ubx by abd-A; Bienz and 
Tremml, 1988; Bienz et aI., 1989), the control regions of 
the mouse Hox genes were expected by analogy to their 
Drosophila homologs to contain functional homeodomain 
binding sites. The intron of the mouse Hoxa-7 gene was 
previously shown to contain an element (HB1) consisting 
of a cluster of three homeodomain binding sites, which is 
necessary for its function as an enhancer in Drosophila 
(Haerry and Gehring, 1996). Since the HB 1-element was also 
found in the introns of the paralog roup 4 Hox genes, the 
homologs of the Drosophila gene Deformed (Dfd; Regulski 
et al., 1987; Chadwick and McGinnis, 1987), the mouse 
Hoxa-4 (Wolgemuth et al., 1987; Gaillot et al., 19891, and 
the Hoxb-4 (Graham et al., 1988; Aparigio et aI., 1995) in- 
trons were analyzed in Drosophila. The regulatory func- 
tions of both Hoxa-4 and b-4 HB1 elements have not been 
determined (Behringer et aI., 1993; Whiting et al., 1991; 
Aparigio et al., 1995; Mornson et al., 1995) and the analysis 
of these elements in Drosophila was expected to offer mech- 
anistic insights into their roles in the mouse. 
MATERIALS AND METHODS 
Fly strains. Embryos of the rosy 5°~ strain (ry) were used as recip- 
ients for injection. The transformants were isolated and the chro- 
mosome of integration was determined using balancer stocks in a 
ry background: FM6/Y; b, 1{2), adh/CyO; ftz 9H~, ry ~°6, eS/TM3 Sb. 
To assay the activity of the transgenes in different mutant back- 
grounds, the following mutants have been used: DfdaXi; DfdW21; 
UbxI; abd-ACa~; abd-AU2~; Df(3R)UbxI°9; y, w, exd xp11, FRT18D; 
ovo ~2, FRT18D; HS-l~lipase 38 (Chanet aI, 1994). The following 
heat shock strains have been used for the ectopic expression of 
homeobox genes: HS-Dfd (Kuziora nd McGmnis, 1989); HS-Scr Hs3 
(P. Le Motte, unpublished), HS-Antp •4 (Schneuwly et al., 1987}, 
HS-UbxQ50=HS-Ubx~a22/TM6B, HS-Ubx~S4°/TM6B (Mann and 
Hogness, 1990); HS-UbxK50--~HS-Ubx A11~M14I~ (M. Capovilla nd 
J. Botas, unpublished), HS-abcI-A (Capovilla et al., 1994); HS-Hoxa- 
7 (see below). 
Constructs and transformations. All constructs were cloned 
in the same orientation i  the multiple cloning sites of Hz50pl 
(Hiromi and Gehring, 1987). The insert of AH5 was isolated 
as a 600-bp ApaI-£coRI fragment from a 9-kb KpnI-BamHI 
fragment of p2195-20 (Wolgemuth et al., 1989). The fragment 
was cloned into Bluescript (BS-AH5), cut with HlncII and XbaI, 
blunted with Klenow enzyme, and religated. A 570-bp Asp718 
(blunted)-NotI fragment was isolated from this plasmid and 
subcloned into the XbaI (blunted)-NotI sites of pHz50pl. SB11 
is a 1.1-kb SmaI-BglII genomic fragment of Hoxb-4 subcloned 
in Bluescript BamHI-SmaI and cloned into HzS0pl as a SmaI- 
NotI fragment. AX3 is a 320-bp-long ApaI-XmnI fragment and 
subcloned into Bluescript and Hz50pl as AHS. BO3 is a 300-bp- 
long PCR fragment (3' primer CCGGGAGCCTCTGCCAG), cut 
with Bspl20I and cloned into the NotI-Asp718 (blunted) sites 
of Hz50pl. BH4 contains aBssHII (blunted)-NotI fragment. EH3 
is a 300-bp EcoOl09I (blunted)-NotI fragment. AH3 contains 
an ApoI (blunted)-NotI fragment. The mutated HB1 elements 
M-AH5, B4-AH5, dpp-BH4, M3-BH4, bcd-AHS, and bcd-BH4 
were made by 40 PG1K cycles using BS-AH5 as a template and 
sets of two partially complementary primers containing the al- 
tered sequences (shown and underlined below) in combination 
with the T7 and T3 primers. The original mouse Hoxa-4 core 
elements in AH5 are underlined. The final PCR fragments were 
cut with BssHII-Hir~dIII replacing the sequence inBS-AH5. The 
fragments were sequenced and excised either with Asp718 
(blunted)-NotI or BssHII (blunted)-NotI and cloned into 
Hz50pl as described above. 
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AH5. 5'- CAGTAATTATAGCC CCCATAAATTTAATTGC C -3 ' 
M-AH5: 5'-CAGTACTGCTAGCCCCGGGAAATTCGC TGCC-3' 
B4-AH5: 5'- CAGTAATTACATCGCCCATAAATTTTTATGCC-3' 
dpp-BH4: 5_ CAGCAGTTATGGTGGCCATTAAGTTTTATCGC-3' 
M3-BH4: 5'-CAGTAATTATAGCCCCCATAAATTGCCTTGCC-3' 
bcdAH5; 5- CAGGGATTAGAGCGGGGATTAGTCTAATCGCC-3' 
The HS-Hoxa-7 construct contains a 1165-bp XbaI-NheI frag- 
ment of the plasmid AluI (SPT18) containing the Hoxa-7 cDNA 
clone OB2 (Kessel et al, 1987). The fragment was blunted and 
cloned into the NotI site of HT4-N. All constructs were injected 
into eggs of ry 5°6 flies at a concentration of 1.2 mg/ml mixed 
with 0.6 mg/ml of the helper plasmid p25.7wcA2-3. At least 
five hnes of each construct were generated and analyzed. Some 
of the lines were obtained mobilizing P-elements from trans- 
formed lines using the A2-3-jumpstarter strain (Robertson et 
al., 1988). The cloning of the medaka Hoxa-4 gene is described 
in Keegau et aL (1996). 
Staining procedures. Embryos were stained as described in 
Frasch et al. (1987), using the Vectastain Kit. Monoclonal annbod- 
ies against fl-galaetosidase w re obtained from Promega. The anti- 
serum agamst DFD (guinea pig) was a gift from the McGinnis lab. 
Heat-shock conditions. Virgins of the heat shock lines were 
crossed with males homozygous for the lacZ transgenes. Embryos 
(5-8, 8- I 1, and 11 - 14 or 5-10 hr old) were collected, heat-shocked 
for 30 or 60 mm at 37°C, incubated at 25°C for 4-5 hr or at 18°C 
for 8-10 hr, and fixed. To obtain exd germ line clones, virgins were 
heat-shocked for 2 hr at 37°C and crossed to AH5 males. 
RESULTS 
A Cluster of Homeodomain Binding Sites Is 
Conserved in Several Vertebrate and Invertebrate 
Genes 
Previously, we have identified acluster of three homeodo- 
main binding sites in the intron of the mouse Hoxa-7 gene, 
termed the HB1 element, that acts possibly as a direct arget 
for the homeodomain proteins Antennapedia (Antp) and 
caudal (cad) in Drosophila (Haerry and Gehring, 1996). 
Searching for additional HB l-like sequences in putative ver- 
tebrate and invertebrate target genes, HB1 elements were 
found in conserved regions of the genes in animals from 
different vertebrate classes and different Drosophila species 
(Figs. 1A and 1B). The common structure of the HB1 ele- 
ments is three conserved binding sites in a particular orien- 
tation and spatial organization. The function of vertebrate 
HB1 elements is unknown. The HB1 elements of both Ubx 
and dpp have previously been shown to exhibit enhancer 
activity in the visceral mesoderm and they have been sug- 
gested to be targets of Ubx (MOller et al., 1989; Capovilla 
et al., 1994; Manak et al., 1994; Sun et al., 1995). The HB1 
elements of dpp and Hoxd-9 are located upstream of the 
transcription start site and that of Ubx in the leader egion. 
All the HB1 elements of the group 4 Hox genes are located 
in their single introns, suggesting that they were present 
before the complexes duplicated and that these genes 
evolved from the same ancestor (hg. 1A). The presence of 
HB1 elements in Ubx and in its mouse homolog Hoxa- 
7 suggested that they were present before vertebrates and 
invertebrates split. 
The Intron of the Mouse Hoxa-4 Gene Can 
Function as Enhancer Element Which Is Regulated 
by Several Homeodomain Proteins in Drosophila 
Embryos 
In this study, the enhancer activity of the 500-bp intron 
of Hoxa-4 and the 1.1-kb intron of Hoxb-4 were analyzed 
in Drosophila embryos (Fig. 1A: AH5 and SB11). We found 
that the Hoxb-4 intron was not able to activate a lacZ 
transgene in Drosophila embryos (Fig. 2K). The Hoxa-4 in- 
tron on the other hand was found to function as an enhancer 
in Drosophila embryos (Figs. 2A and 2B). At the embryonic 
stage 13, lacZ expression was observed in clusters of ventro- 
lateral and dorsolateral cells in the epidermis. Strong activa- 
tion was observed in the maxillary segment (Mx), at the 
boundary of the third thoracic segment and the first abdomi- 
nal segment (T3/A1), and at the boundary of A7/A8. Weaker 
expression was observed at the boundaries of T2/T3 and 
A6/A7, whereas only low levels of activity were seen at 
the other segment boundaries. Later at stage 16, additional 
expression is seen in the embryonic leg discs (Keegan et al., 
1997). 
The pattern in the Mx segment was very similar to that 
obtained with an autoregulatory element of Did, the Dro- 
sophda homolog of Hoxa-4 (Bergson and McGinnis, 1990; 
Zeng et al., 1994). We therefore xamined the expression of 
this construct in the absence of Did activity. In Did mutant 
embryos (Did Rxl and DfdW21), the strong activation in the 
posterior Mx segment was lost suggesting that the AH5 
enhancer responds to Did (Fig. 2C). In agreement with this 
observation, ubiquitous expression of Did by heat shock 
induction enhanced the staining in abdominal segments 
where the expression is normally weak (Fig. 2D). Thus, 
these results suggest hat the Hoxa-4 intron exhibits en- 
hancer activity in the Mx segment which is similar to the 
Did autoregulatory element. 
In addition to the Mx segment, strong expression is also 
observed in more posterior regions, at the segment boundary 
of T2/T3 and T3/A1 as well as in A6/7 and A7/8, which 
correspond to the expression domains of Ubx and Abd-B. 
Much weaker staining is seen in the expression domain 
of abd-A. When AH5 lines were crossed into Ubx mutant 
background (Ubxl), staining in T2/T3 and T3/A1 was lost 
(Fig. 2E), suggesting that the Hoxa-4 intron enhancer may 
be directly activated by Ubx within this region. Ubiquitous 
expression of Ubx induced by heat shock primarily showed 
enhancement of the staining in T3/A1 and in more anterior 
segments (Fig. 2F). Compared to Ubx, ubiquitous expression 
of Antp showed weaker enhancement, whereas Scr overex- 
pression showed no significant effect (data not shown). 
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FIG. 1. Comparison of the HBl-elements found in different vertebrate and invertebrate genes. (AI Schematic presentation of some HB1- 
element-containing Hox genes. The coding sequences are indicated as open boxes, the introns are stippled, the HB1 elements are shown 
as glay boxes, and the homeoboxes are shown as black boxes. The HB1 elements of all group 4 Hox genes and of the Hoxa-7 gene, which 
is in the opposite orientation, are located 150-250 bp downstream of the 5' splice site in the intron. The Hoxa-a introns of mouse, 
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When AH5 lines were crossed into abd-A mutant back- 
ground (abd-A D24 and abd-AC26), strong staining appeared in 
the abdominal expression domain of Ubx (Fig. 2G). Ubiqui- 
tously expression of abd-A by heat shock induction showed 
clearly reduced staining in T3/A1 and in the Mx segment, 
but not in the Abd-B expression domain {Fig. 2H). These 
results show that the AH5 enhancer responds not only to 
Did but also to the more posterior homeobox genes Ubx 
(activator) and abd-A (repressor). 
Since we found that the enhancer activity of the Hoxa-4 
intron was regulated by several homeobox genes, the role 
of the conserved cluster of homeodomain binding sites in 
enhancer function was analyzed. Ten nucleondes in the 
three HB1 binding site core motifs were substituted in the 
AH5 enhancer (M-AHS, see Materials and Methods). Com- 
pared to the wild-type HB 1 motif, the ANTP homeodomain 
shows even at high protein concentrations very little bind- 
ing to this mutated HB1 element in vitro (Haerry, 1994). 
The mutant M-AH5 lines did not show any staining at the 
segment boundaries (Fig. 2I). This result indicates that the 
three conserved homeodomain binding sites in the Hoxa-4 
intron are required for the Did- and Ubx-dependent expres- 
sion in Drosophila embryos. 
Although the Hoxb-4 intron contains three homeodo- 
main binding sites which differ in their sequence by only 
6 bp compared to Hoxa-4, we found that the Hoxb-4 intron 
could not function as enhancer in Drosophila embryos (Fig. 
2K). Therefore, we examined whether the HB1 element of 
Hoxb-4 could function in the context of the Hoxa-4 intron 
by converting the HB1 sequence of Hoxa-4 for that of Hoxb- 
4 (B4-AH5). In this construct, three nucleotides located in 
the flanking region of binding site 1 and three nucleotides 
in the core motif of binding site 3 were altered. B4-AH5 lines 
showed IacZ expression in the same epidermal clusters of 
cells as AH5 lines. But in contrast o AH5 lines, the strong 
expression in the Mx segment was lost and strong expres- 
sion in all abdominal segments was observed (Fig. 2L). The 
expression of these lines suggested that B4-AH5 is, in con- 
trast to AH5, neither activated by Did and nor repressed by 
abd-A. 
These results indicate that the HB 1 element is a potential 
target for several homeobox genes. Previous experiments 
suggested the product of the homeobox gene extradenticle 
(exd) is a cofactor for several homeotic selector genes 
(Rauskolb and Wieschaus, 1993; Capovilla et al., 1994; 
Chan et al., 1994). To determine whether the exd gene prod- 
uct is required for activation of the AH5 enhancer, AH5 
male embryos (exdXplI/Y; AHS/+) from exd germ line mu- 
tant mothers were analyzed. The staining in exd mutant 
embryos was on average weaker than that in wild-type AH5 
embryos (Fig. 2J), but the effect was not as dramatic as for 
instance in Ubx mutant embryos. This result suggests that 
exd is not absolutely required for Did- or Ubx-dependent 
expression of AH5 lines in Drosophila embryos, but it may 
act as a cofactor to stimulate nhancer activity. 
Different Cofactor Binding Sites Are Required for  
the Did-Dependent and the Ubx-Dependent 
Activation 
Wc expected that other elements in addition to HB1 may 
be required for the observed expression pattern. Therefore, 
we sequenced the introns of the Hoxa-4 homologs from 
animals of two other vertebrate classes (the medaka fish 
and the chicken) to investigate whether additional sequence 
motifs were conserved. We found that the mouse and the 
chicken introns showed 77% identity, while the fish intron 
was more diverged (59% identity) but showed stretches of 
highly conserved sequences (Fig. 1C). In total, we found six 
DNA motifs of 9-bp length or more which were present in 
the genes of all three classes (Fig. 1C). The highest conserva- 
tion was observed in a stretch including motif-4, which 
showed similarity to the in vitro consensus binding site of 
the Pax-6-paired domain (Epstein et al., 1994), and the three 
homeodomain binding sites of the HB1 element (motif-5). 
This stretch of 62 bp was found to be absolutely identical 
between mouse and chicken (Fig. 1C). The HB1 element of 
the fish gene was found to be 83 % identical to those of the 
other classes, whereas the potential paired domain binding 
site was found to be located approximately one turn of the 
helix closer to the HB1 element. 
Based on these observations, we performed a deletion 
analysis of the mouse Hoxa-4 intron enhancer (AH5). A 
deletion lacking 243 bp at the 3' end of the intron (AX3), 
which did not contain highly conserved motifs, showed the 
same enhancer activity as AH5 (Fig. 3B). The only difference 
was a slightly stronger staining in the abdominal segments. 
If an additional 17 bp were deleted (BO3), the strong expres- 
sion seen in AX3 lines was greatly reduced. This deletion 
exactly removes the conserved motif 6. While the Ubx- 
chicken, and medaka show in addition to the HB1 element flve more blocks of conservanon ( umbered 1-6). AH5 and SB11 are the intron 
fragments ofHoxa-4 and Hoxb-4 analyzed in this study. (B) The introns of the Hoxa-7 (Haerry and Gehring, 1996), Hoxa-4 (Gaillot et al., 
1989; Keegan et aI., 1997), and the Hoxb-4 (Aparigio et al., 1995; Morrison et al., 1995) genes contain in addition to the HB1 element a
conserved motif which shows similarity to the in vitro consensus site found for the Pax-6-paired omain (Epstein et al., 1994). This motif 
is not present in the Drosophila genes Ubx (Wilde and Akam, 1987) and dpp (Manak et al., 1994) nor in the Hoxd-4 (Cianetti et al., 1990; 
Aparigio et al., 1995) and Hoxd-9 (Zappavigna et aI., 1991) genes. The first two homeodomain binding sites are spaced two nucleotides 
closer m most of the Hoxd genes, whereas the spacing between the second and the third site can vary by one to three nucleotides. (C) 
Sequence comparison ofthe Hoxa-4 intron sequences from mouse (Mo), chicken (Ch), and medaka (Me). The conserved blocks are boxed. 
Motif 1 of the chicken intron is located in the opposite orientation. Additional 37A residues (132-168) are located m the chicken intron 
in front of motif 2 (*). 
Copyright © 1997 by Acadcmlc Press. All rights of reproduction i  any form reserved 
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,~(2~(4) 
(3) (5) (6) 
Bo3 
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FIG. 3. Deletion analysis of the AH5 enhancer showing the importance of the conserved elements. (A-F) Stage 13 embryos, anterior to 
the left, lateral view. Arrowheads mark the boundary ofT3/A1. (A) AH5 embryos how strong staining in Mx and T3/A1. (B) The deletion 
of the 3' half of the intron shows no alteration of enhancer activity (AX3). (C) A 5' deletion removing the conserved element (1) changes 
the enhancer activity. BH4 embryos how only strong expression i a ventrolateral cluster of cells at T3/A1. No staining in Mx is observed. 
(D) BO3 is a further deletion of AX3 (B) removing the conserved element (6). BO3 embryos how weak staining in Mx compared to AH5 
or AX3 embryos, but they show no staining at T3/A1. (E) EH3 is a further deletion of BH4 (C) removing element (2). The robust expression 
at T3/A1 is not observed. (F) AH3 is a further deletion of EH3 removing element (3), (4) and first two binding sites of the HB1 element 
(5). AH3 embryos do not show any lacZ expression. 
Copyright © I997 by Acadernzc Press All rights of reproduction m any form reserved. 
8 Haerry and Gehring 
dependent expression in T2/T3 and T3/A1 was lost, the 
Dfd-dependent expression in the Mx segment was weak 
but still detectable in several ines (Fig. 3D). This result 
suggested that motif 6 was required for activation by Ubx 
and to a lesser extent for that by Dfd. On the other hand, 
a construct deleting 151 bp (57 bp of exon and 94 bp of 
intron sequence) 5' of AH5 (BH4) showed strong expression 
only at the boundary of T3/A1 {Fig. 3C). Weaker staining, 
although not present in all embryos, was also observed in 
BH4 lines at the boundary of T2/T3. Compared to AH5 
lines, additional staining in cells located more ventrally to 
the ventrolateral c uster was observed but no staining in 
the dorsolateral cell cluster. These results suggest that ele- 
ments required mainly for the Dfcl-dependent expression, 
but not for Ubx-dependent expression, were deleted in the 
BH4 enhancer. In addition, the deleted region seemed to 
contain elements which are required for dorsolateral expres- 
sion and for ventrolateral repression. Only one sequence 
motif showing reasonable conservation between mouse, 
chicken and medaka was found within this region of the 
intron (motif 1). 
In another construct, EH3, an additional 49 bp 5' of BH4 
including the conserved motif 2 were deleted. EH3 trans- 
formant lines did not show the T3/A1 expression found in 
BH4 lines (Fig. 3E). This result suggested that the region 
containing motif 2 was required for the Ubx-dependent ex- 
pression. Finally, lines transformed with a deletion con- 
struct (AH3) removing also motif 3, motif 4, and two ho- 
meodomain binding sites of the HB1 element (motif 5), did 
not show any expression (Fig. 3F). Our results indicate that 
other motifs in addition to HB1 which are conserved in the 
Hoxa-4 genes of chicken, mouse, and fish are also important 
for the expression i  Drosophila embryos. 
The HB1 Element of Hoxa-4 Is Activated by Ubx 
and Repressed by abd-A 
Our deletion analysis showed that BH4 lines exhibit 
strong staining in a ventrolateral cluster of epidermal cells 
at the boundary of T3/A1 and to lesser extent in T2/T3. In 
contrast o the pattern of AH5 lines, this pattern was ex- 
pected to be controlled by Ubx and abd-A, but not by other 
homeotic genes. Therefore, BH4 embryos were analyzed in 
Ubx and abd-A mutant background. In Ubx mutants, all 
IacZ expression was lost (Fig. 4E), whereas additional stain- 
ing in the abdominal segments was observed in abd-A mu- 
tant background (Fig. 4G). In agreement with this, ectopic 
expression i  almost all segments was observed after ubiq- 
uitous expression of Ubx by heat shock (Fig. 4D), whereas 
repression of the BH4 staining pattern was observed after 
ectopic expression of abd-A (Fig. 4H}. No effects were ob- 
served in BH4 embryos after ubiquitous expression of Dfd, 
Scr, or Antp (Figs. 4A-4C). In addition to Ubx and abd-A, 
the BH4 enhancer only responded to Hoxa-7, the putative 
mouse homolog of Ubx (Fig. 4F). Additional staining in the 
abdominal segments was observed in these embryos but 
compared to Ubx the response was less robust. These re- 
sults showed that the BH4 enhancer was specifically acti- 
vated by Ubx and repressed by abd-A, suggesting that both 
may directly interact with the HB1 element. 
The ttB1 Element of dpp Is Activated by Ubx but 
Not Repressed by abd-A in the Context of the 
Hoxa-4 Intron 
Another potential direct target of Ubx and abd-A is the 
HB1 element in the mesodermal enhancer of dpp (Fig. 1A). 
Since we had shown that the only required homeodomain 
binding sites in the AH5 enhancer were those of the HB1 
element (M-AH5, Fig. 2I), we analyzed whether the HB1 
element of dpp was able to substitute for that of Hoxa-4 in 
vivo. The reciprocal experiment was not possible since a 
minimal element containing only the homeodomain bind- 
ing sites of the HB1 element of dpp has not been determined 
(Capovilla et al., 1994; Manak et al., 1994; Sun et al., 1995). 
Therefore, 13 of 28 bp of the HB1 sequence in the BH4 
enhancer were replaced by the corresponding nucleotides 
of the dpp element (dpp-BH4, see Materials and Methods). 
Embryos of dpp-BH4 lines were found to be activated by 
Ubx within its whole expression domain in the same ven- 
trolateral epidermal cells as the BH4 lines (Fig. 4I). No ex- 
pression was observed in a Ubx-mutant background (Fig. 4J}. 
This result suggested that the HB1 element of dpp, although 
only 54% identical to that of Hoxa-4, was similar enough 
to respond to activation by Ubx but not to repression by 
abd-A. This result mimics that seen with the HB1 of Hoxb- 
4 (B4-AH5, Fig. 2L). When comparing the HB1 elements of 
Hoxa-4, b-4, and dpp, it was found that those of Hoxa-4 
and dpp showed more similarity in the first homeodomain 
binding site, whereas those of Hoxb-4 and dpp had the same 
spacing of the second and third binding sites and also 
showed more similarity in the third binding site. This site 
of Hoxa-4 consists of a TAAT motif which is thought o be 
a high-affinity binding site for Ubx and abd-A, whereas 
those of Hoxb-4 and dpp have a medium affinity TTAT 
motif (Ekker et al., 1994). Therefore, it seemed likely that 
the third homeodomain binding site was important for the 
repression by abd-A. To analyze the role of this binding 
site, we mutated the TAAT motif in site 3 of BH4 to GCCT 
(M3-BH4, see Materials and Methods). We found that em- 
bryos of M3-BH4 lines exhibited almost he same staining 
pattern as those of dpp-BH4 lines expressing lacZ in the 
whole Ubx expression domain (Fig. 4K). As in dpp-BH4 
lines, no Ubx-dependent expression was observed in Ubx 
mutant background (Fig. 4L). This result leads to the conclu- 
sion that the first two homeodomain binding sites are suf- 
ficient for the activation by Ubx, whereas the third binding 
site is required for the repression by abd-A. 
UBX Binds Directly to the HB1-Element in Vivo 
Since AH5, B4-AH5, BH4, and dpp-BH4 enhancers but 
not M-AH5 responded to Ubx, we examined whether UBX 
might directly bind to the HB1 element in vivo. Previously, 
Copyright © 1997 by Acadermc Press. All rlghts of reproduction m any form reserved 
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second site suppression experiments were used to show di- 
rect interactions of FTZ with its autoregulatory element 
and of UBX with the mesodermal dpp enhancer (Schier and 
Gehring, 1992; Capovilla et aI., 1994; Sun et al., 1995). Us- 
ing the same strategy, the three homeodomain binding sites 
of the AH5 and BH4 enhancers were altered to bed-type 
binding sites (TCTAATCCC, see Materials and Methods). 
When these constructs (bcd-AH5 and bcd-BH4) were ana- 
lyzed, we found that they exhibited only very low lacZ 
expression i  epidermal cells at the segment boundaries in 
the Ubx expression domain at embryonic stage 12/13 (Figs. 
5C and 5I, bcd-BH4 not shown). However, staining can be 
detected later at stage 15/16. In bcd-AH5 lines, very weak 
staining at the segment boundaries was observed in stage 
13 embryos, when wild-type UbxQ50 was ubiquitously 
overexpressed by heat shocking for 30 rain. (Fig. 5D), which 
is sufficient o induce strong IacZ expression in wild-type 
AH5 lines (Figs. 2F and 5B). Weak induction was only seen 
after 60 rain of heat shock indicating that bcd-AH5 still 
responds to wild-type UBX protein but requires higher con~ 
centrations for activation than AHS. 
When the mutant UbxK50 protein (M. Capovilla and J. 
Botas, unpublished) was ubiquitously expressed in bcct-AH5 
lines, only little staining in the cells at the segment bound- 
aries was observed after heat shocking for 30 rain (Fig. 5J), 
but robust staining was seen after heat shocking for 60 rain 
(Fig. 5K). On the other hand, when the mutant protein was 
overexpressed in wild-type AH5 and BH4 lines, lacZ expres- 
sion was decreased and not increased after heat shocking 
for 60 rain (Fig. 5G and 5H, BH4 lines not shown). Thus, 
the mutant UbxK50 protein was able to induce robust IacZ 
expression from the mutant bcd-AH5 and bcd-BH4 en- 
hancers but not from the wild-type AH5 and BH4 en- 
hancers. These results indicate that UbxK50 as well as 
UbxQS0 bind directly to the bcd-HB1. 
DISCUSSION 
A Conserved Cluster of Homeodomain Binding 
Sites Is a Direct Target for UBX and Probably 
Other Homeodomain Proteins 
The Hoxa-4 intron was found to function as an enhancer 
element in Drosophila embryos in a specific cluster of epi- 
dermal cells in certain segments along the anterior-poste- 
rior body axis. The AH5 enhancer responds to various ho- 
meobox genes as seen in AH5 lines in wild-type or mutant 
background or after ubiquitous overexpression by heat 
shock (Fig. 2). The response is strong to Did, the Drosophila 
homolog of Hoxa-4, very weak to Scr and Antp, strong to 
all Ubx (activation), abd-A (repression), and probably Abd- 
B. The enhancer activity in all segments was shown to de- 
pend on a cluster of three homeodomain binding sites, the 
HB1 element, which is found in several potential target 
genes of vertebrate and invertebrate homeodomain proteins, 
since mutations in the core motifs of the binding sites cause 
the complete loss of the enhancer activity (Fig. 2I). 
The second site suppression experiment indicates that 
the Ubx-dependent activation may occur directly, since the 
mutant UbxKS0 protein is able to enhance xpression from 
the bed-type mutant binding sites only, whereas it de- 
creases the expression of the wild-type enhancer probably 
by interfering with the binding of wild-type UBX protein 
(Figs. 5F-5K). If the interaction is indirect, the factors re- 
duced by wild-type UbxQS0 are expected to bind to AH5 
but not to bcd-AH5. Assuming that these factors are also 
induced by the mutant UbxK50, one would expect AH5 
but not bcd-AH5 to show a strong response. The result we 
obtain, however, are the opposite, and therefore support he 
conclusion that UBX interacts directly with HB1. 
In contrast o previous second site suppression experi- 
ments (Schier and Gehring, 1992; Capovilla et al., 1994; 
Sun et al., 1995), we found that enhancers containing mu- 
tated bcd-type binding sites still show some weak response 
to the wild-type UBX protein. This result is consistent with 
the observation that the wild-type proteins are still able to 
brad to bcd-type binding sites, although with a lower affin- 
ity (Percival-Smith et aI., 1990, 1992; Hanes et al., 1994). 
In addition, the lacZ expression was not fully restored from 
the bed-binding sites after expression of the mutant 
UbxK50 protein, since the expression is lower than in the 
wild-type situation (compare Figs. 5A and 5K). This result 
can be explained by the assumption that the EXD protein, 
which seems to be a cofactor required for high-level expres- 
sion (Fig. 2J), is not able to bind to the bcd-HB1 element, 
since all potential binding sites have been altered. 
The observation that the HB1 element from the mesoder- 
mal enhancer of dpp, which was previously shown to be 
directly regulated by Ubx, can substitute for the Hoxa-4 
element and can drive Ubx-dependent lacZ expression 
(Figs. 4I and 4J) provides additional evidence for a direct 
interaction of UBX and HB1. The element of the dpp en- 
hancer has only 15 of 28 bp in common with that of Hoxa- 
4, or 12 of 19 bp in the first two homeodomain binding 
sites, which were shown to be required for Ubx-dependent 
activation (M3-BH4, Figs. 4K and 4L}, but it shares the com- 
mon orientation and spatial organization ofthree homeodo- 
main binding sites to the HB1 elements (Fig. 1B). The dpp- 
BH4 enhancer, however, does not respond to the repressive 
action of a bd-A, suggesting that this particular HB 1 element 
may not function as a repressor element. Although the ex- 
pression domains of Ubx and abd-A in the visceral meso- 
derm are not overlapping due to repression of Ubx by abd- 
A (Bienz and Tremml, 1988; Bienz et ai., 1988; Mt~ller et 
al., 1989), only little or no dpp activation is observed in 
the abd-A expression domain after ubiquitous expression 
of Ubx, suggesting a role of abd-A in dpp repression (Capo- 
villa et al., 1994; Manak et al., 1994). Therefore, other ele- 
ments may be responsible for the abd-A-dependent repres- 
sion of the dpp midgut enhancer (Manak eta]., 1994). 
If UBX binds directly to the HB 1 element, other homeodo- 
main proteins may bind to HB1 as well. We know from 
Copyright © 1997 by Academic Press All rights of reproducnon m any form reserved 
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mobility shifts assays that three molecules of various ho- 
meodomain proteins as ANTP or FTZ are able to bind to 
the HB1 elements of Hoxa-7 or Hoxa-4 in vitro (Haerry, 
1994; Haerry and Gehring, 1996). The first two binding sites 
are sufficient for Ubx-dependent activation (M3-BH4, Figs. 
4K and 4L), suggesting that UBX binds at least to one of 
these sites, whereas ABD-A may bind to binding site 3 
which is needed for repression. EXD which was shown to 
be required for high-level expression (Fig. 2J) is another can- 
didate protein which may bind to one of the first two bind- 
ing sites of HB1. The spacing of binding site 1 and 2 as well 
as 2 and 3 is close enough to allow physical interaction 
between two homeodomain proteins. Two proteins occu- 
pying binding sites 1 and 2 can make N-C  terminal interac- 
tions, whereas proteins binding to sites 2 and 3 can make 
N-N terminal interactions. It has been previously found 
that both the C-terminal amino acids which are conserved 
in the UBX proteins of different insects and specific N- 
terminal amino acids of the homeodomain which are facing 
away from the DNA contribute to the function and speci- 
ficity of the protein in vivo (Chan and Mann, 1993). In addi- 
tion, cooperative binding for UBX and other homeodomain 
proteins has been demonstrated suggesting that they may 
bind multiple binding sites IBeachy et al., 1993; Wilson et 
aI., 1993; Ma et al., 1995). Therefore, protein complexes 
which consist for instance of different combinations of 
UBX, EXD, and ABD-A may bind to the HB1 element in 
vivo and activate or repress transcription depending upon 
the combination of the homeotie proteins that are present 
in a particular cell. 
Conserved Cofactor Binding Sites in the Hoxa-4 
Intron Are Required for Enhancer Function in 
Drosophila 
In addition to HB 1, conserved cofactor binding sites seem 
to be required for enhancer function of the Hoxa-4 intron 
in Drosophila (Fig. 3). It has been previously found that 
the HB1 element of the Hoxa-7 gene exhibits no enhancer 
activity by itself and is only active in the context of other 
cofactor elements (Haerry and Gehring, 1996). In the present 
study, the Ubx-dependent activation was found to require 
the region containing conserved motifs 2 and 6 in addition 
to the HB1 element (motif 5), whereas the activation by 
Dfd depends on another 94-bp-long intron region that in- 
dudes the conserved motif 1. At least one of the cofactors 
which binds to these conserved motifs must determine the 
cell specificity of the expression pattern. Furthermore, the 
Hoxb-4 intron did not show any enhancer activity in Dro- 
sophila at any stage {Fig. 2K), although it contains a func- 
tional HB1 element [B4-AH5, Fig. 2L). These results indicate 
that the Hoxa-4 intron is only functional in Drosophila 
because it contains binding sites for both, homeodomain 
proteins and cofactors, which can be recognized by the cor- 
responding Drosophila proteins. If the cofactor binding sites 
are conserved, the cofactors are also expected to be shared 
between vertebrates and invertebrates. However, we cannot 
rule out from our analysis that elements other than the 
conserved ones may contribute to the enhancer activity. 
Further analysis is required to understand how the homeo- 
domain proteins interact with their cofactors. 
Evolutionary Conservation of the HB1 Element 
The AH5 enhancer is regulated in the maxillary segment 
by Dfd. The expression is very similar to a Dfd autoregula- 
tory element (Bergson and McGinnis, 1990; Zeng et al., 
1994) suggesting that the Hoxa-4 intron may have the same 
function in vertebrates. The Hoxa-4 gene product was 
shown to bind to the HB1 element m vitro (Wu and Wol- 
gemuth, 1993), but there is no evidence for Hoxa-4 autoreg- 
ulation in vivo at the moment. It has been previously pro- 
posed that a conserved upstream region of the human Hox 
d-4 gene can function similarly to a Dfd autoregulatory 
element in Drosophila (Malicki et aI., 1993). But the expres- 
sion pattern described in that study appeared only very late 
at embryonic stage 16 was not dependent on homeodomain 
binding sites, and overlapped with the basal expression pat- 
tern of the transformation vector (Haerry and Gehring, 
1996). 
In addition to Dfd, the Hoxa-4 intron enhancer also 
responds to more posterior homeobox genes which is con- 
sistent with the lack of a posterior boundary in the mouse 
Hoxa-4 expression pattern. We found that the mouse 
Hoxa-7 gene can activate transcription from the BH4 en- 
hancer, suggesting that Hoxa- 7 and other Hox genes regu- 
late Hoxa-O expression in the mouse. There are few re- 
ports suggesting vertebrate Hox gene crossregulation 
{Zappavigna et al., 1991, 1994}. Recent results in 
transgenic mice, however, show that the HB1 element is 
required for the activation of Hoxa-4 in the posterior spi- 
nal cord, suggesting a potential cross-regulation of a 
Hoxa-4 by Hoxa-7 and other Hox genes that are expressed 
more posteriorly (Keegan et aL, 1997). All these results 
suggest hat not only the structure of the homeodomains 
are conserved between vertebrates and invertebrates, but 
also at least some of their in vivo target site. 
Hoxa-4 may represent a closer relative to the Drosoph- 
da Dfd gene than I-Ioxb-4, since the I-Ioxa-d intron is func- 
tional in Drosophila, whereas that of Hoxb-4 is not. All 
the HB1 elements of the group 4 Hox genes are located 
in their introns, suggesting that they were present before 
the complexes duplicated (Fig. 1A). The similar location 
of the HB1 elements of Hoxa-4 and Hoxa-7 within the 
single intron indicates that the two genes may have 
evolved from a common ancestor. The presence of the 
HB1 element in Hoxa-7 and in its Drosophila homolog 
Ubx suggests that it was present even before vertebrates 
and invertebrates separated. The HB1 element may repre- 
sent a very old homeodomain binding site motif, which 
is likely to be found in control regions of other target 
genes in both vertebrate and invertebrates. Since the HB1 
element is highly conserved, it can be used as a probe to 
identify additional homeotic target genes. 
Copyright © 1997 by Academic Press All rights of reproduction m any form reserved 
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